Abstract
Introduction
In forensic pathology, craniofacial reconstructions are sometimes the only way to indirectly infer the identity of a missing person. The purpose of forensic facial reconstruction is to approximate facial features of the unknown individual to aid in recognition and identification. All facial reconstruction techniques are based on the known relationship between the soft tissues and the underlying skull [8, 12] . Traditional 'plastic' methods use modeling clay or plasticine to build up the depth of tissue on the dry skull or a cast of the skull, based on a set of anatomy-based rules combined with some artistic sense. These procedures are extremely time-consuming (limiting their use to exceptional and/or urgent cases), subjective and result in a single facial estimate being produced. The development of software for computerized facial reconstructions of an individual would be of benefit to various law enforcement agencies, by allowing faster, easier and more efficient generation of multiple representations of an individual. These varied likenesses would take into account differences in facial appearance due to body fat content and facial features such as the eyes, nose and lips, which are difficult to reconstruct accurately solely from cranial information.
The majority of current computerized cranio-facial surface reconstruction techniques [3, 11, 14, 15, 16] are based on fitting a generic skin surface to a set of interactively or automatically placed virtual dowels on a 3D digitized model of the skull. The dowel lengths represent estimates of tissue thickness at a limited number (20-30) of predefined locations on the skull. These tissue thickness estimates are averages over a certain subclass of individuals defined by ancestry, gender and age. Skin surface shape is directly defined at the dowel positions only, and inferred by interpolation in between, possibly in combination with some extra manual modeling of the nose, eyes, e.g., afterwards to improve the result. In an attempt to increase the number of skull points involved in the estimation of soft tissue thickness, a number of computer-based techniques deform a reference skull surface to a target skull surface [4, 7, 9] . The calculated skull deformation is extrapolated and applied to the skin surface associated to the reference skull in order to estimate the facial outlook corresponding to the target skull. A reference skull is selected based on similarity in ancestry, gender and age. Reference skulls and corresponding facial surfaces are obtained using CT scanning, which limits the selection of the reference database to patient data because of the involved radiation dose. However, these generic interpolation and extrapolation methods are not face-specific as they don't incorporate knowledge about typical human face variations and correlated differences. All these reconstructions are biased by the generic skin surface or specific best look-alike used. In order to remove this bias, a statistical model of soft tissue thicknesses and facial outlook can be fitted to the individual skull [2, 13] . Our work is similar in spirit to [13] in the use of multiple reference skin and skull surfaces and to [4, 7, 9] in the concept of warping reference to target skull and applying this warp to the reference skin.
Ideally, one could obtain densely sampled surfaces of the external cranio-facial skeleton and skin very easily from 3-D X-ray CT scans. Acquisition of such data sets over a sufficiently large, representative, normal population is difficult because of the radiation dose involved. Instead, volumetric images of the head can be obtained using MRI. The skull, however, cannot be segmented from MRI data in the same simple manner as from CT images, because its intensity appearance is similar to air and other smaller neighboring structures. Existing procedures for segmenting bone from MRI head scans [10] are only reliable for the skull bone, not for the maxillar and mandibular part. Instead, we propose to use a low-dose CT protocol with sufficient quality for segmenting the bone and skin surface and possibly also other extra-cranial soft-tissue structures (fat, muscles), useful for maxillo-facial surgery planning. Unfortunately, metallic teeth filling often disturb the image quality, leading to errors in the hard and soft tissue segmentations. These artifacts can be minimized by proper metal artefact reduction techniques [17] .
Our procedure can be summarized as follows. For each CT image in the reference database, the hard tissue (skull bone) and extra-cranial soft tissue (skin) are segmented using hysteresis intensity thresholding in combination with morphological operations to remove noisy parts and to close the volumes for subsequent operations. The images corresponding to the volumes encompassed by both surfaces are each transformed into signed distance transform (sDT) maps (representing for each image voxel the shortest Euclidean distance to the nearest object/background border, zero on the surface, positive inside and negative outside). As a proof of concept, a simplified procedure for reconstructing the skin surfaces was implemented, by warping all reference skull sDT images to the target skull sDT. These warps are subsequently applied to all the associated reference head sDT maps. Finally, the zero iso-level set of the arithmetic average of the warped reference head sDT maps is defined as the reconstructed skin surface. Other linear combinations such as mixtures of modes of variation (using principal components decompositions) are possible as well, but require a substantially larger reference database.
Materials and Methods

Image Acquisition
In order to minimize the radiation dose involved, a lowdose CT acquisition protocol was derived from a clinical multi-slice CT protocol (Siemens Sensation 16 (Erlangen, Germany)) by lowering the X-ray source current and voltage and increasing the pitch (table feed per rotation). The effective radiation dose for the different protocols was measured on a Rando Alderson anthropomorphic head phantom. The image quality for bone segmentation was measured on the European Spine Phantom (ESP [5] ) and a skull phantom. The low-dose protocol yielded an effective dose reduction from 1.5 mSv to 0.18 mSv for a multi-slice CT scan of the whole head. The tests on the ESP and the skull phantom indicated that the accuracy of the measurements on the low-dose CT is still acceptable (95% percentile ≤ 1mm). We refer the reader to [6] for further details. Seven patients planned for preoperative osteotomy surgery, consented to have this low-dose CT acquisition protocol in combination with the acquisition of a clinicaldose total head CT-scan.
Image processing and segmentation
All images originally stored in DICOM format are converted to Analyze (Mayo Foundation, Rochester, Minnesota, USA) format and down-sampled for computational efficiency by a factor of 2 in each dimension, resulting in image sizes of approximately 256*256*200 unsigned integers (voxel sizes ∝ 0.7*0.7*1mm). Unfortunately, many of the images contain heavy streak artifacts because of the amalgam teeth fillings. These artifacts are reduced using a simplified version of a projection interpolation method [17] . First, pixels related to high density material are identified using intensity thresholding at 3000 HU. The parallel projection profiles (radon transform) of these high density regions are subtracted from the projection profiles of the original images. Within the ranges along the projection profiles associated to projections of high-density material, the subtracted signal is low-pass filtered (more expensive filtering such as spline smoothing was implemented but with no visible improvement). These processed profiles are then back-projected using a filtered back-projection inverse radon transform. The head volume is segmented by intensity thresholding at 300 HU, followed by a morphological opening with a sphere (r=2 voxels) to remove isolated artifacts and finally filled to obtain a solid volume. Bone is segmented by hysteresis thresholding in the range [1000 HU,1500 HU], followed by morphological closing with a sphere (r=3 voxels) to close small holes in the skull.
Surface Reconstruction
The binary images SL, SN corresponding to the volumes encompassed by the external surfaces of skull and skin, resp., are transformed into distance maps D SL , D SN using a signed distance transform (sDT). These maps represent for each voxel position x the shortest distance to the nearest surface point, with a negative sign for voxels outside and positive inside the (closed) surfaces:
(1) Note that the original surface is now implicitly defined as the zero-level set {x|D f (x) = 0}.
Two procedures were implemented to reconstruct the skin surface from a given target skull. Both rely on aligning the implicit surface representations (as represented by the signed Distance Transform) of a single or multiple reference skulls D r SL to the target skull D t SL . They differ in the type of geometric transformation T aligning the two images: linear or non-linear. Both procedures estimate the transforma-tion that minimizes the sum of squared differences between corresponding voxels of the reference and target skull sDT maps to be registered:
The linear transformation is represented by 12 parameters (translation, rotation, anisotropic scaling and shearing), whereas the non-rigid transformation uses a DCT (digital cosine transformation) basis function representation of the non-linear deformation field. The results shown in this paper are obtained using 7*8*7 basis functions with 'light' regularization as implemented in the SPM99 1 package [1] . Other types of deformation models exist, but this particular one was available, quick and well validated for other applications. Furthermore, it represents a good compromise between the flexibility and the extrapolation quality of the geometric transformation. Given a target skull SL t , an estimate of the associated skin surface SN t is obtained as follows. The sDT maps of every reference skull 
These transformations are then applied to the reference skin surface sDT maps:
After alignment, the skin surface sDT maps iD SN are averaged and the reconstructed surface is defined as the zero-value iso-level surface of this average:
We evaluate this procedure using a leave-one-out test. Each subject in the database is selected in turn as the target and reconstructed from the remaining subjects. The reconstructions can then be compared to the real surface, both visually and quantitatively. Figure 1 shows an axial cross-section at a level containing severe metal streak artifacts, before and after metal artefact reduction (MAR), together with the associated 3D renderings of the skull surfaces. While most of the highintensity part of the artefact that interferes with the bone segmentation has been removed, parts near to the highdensity material still remain. 
Results
Image pre-processing and segmentation
Craniofacial Reconstructions
Figures 2 and 3 show three (out of the seven) cases for which the non-linear reconstruction was visibly acceptable. Figure 2 also shows a comparison between the results obtained by linear and non-linear warping. While the linear warping result resembles much the average of the reference faces, the non-linear warping adapts the individual reference faces to the target skull. Figure 4 shows one of the 4 failed cases, but also typical for the failures of the other three. Here, the non-linear alignment is severely disturbed by the metal streak artifacts still remaining in the target skull segmentation and, hence, in the target skull sDT.
Discussion
The quality of the proposed low-dose (with an effective dose equivalent to an X-ray of the head or 4 days of background radiation) CT protocol is sufficient for segmentation of bone and skin surfaces but needs to be additionally validated for the segmentation of soft tissue into skin, muscle and fat structures as required in maxillofacial surgery planning procedures.
The metal artefact removal (MAR) procedure is not completely successful in removing the high intensity artifacts that interfere mostly with the intensity thresholding procedures for the bone structures. Although morphological fil- tering could remove most of these artifacts, too much of the regular bone structure morphology risks to be changed as well. Implementation of more sophisticated MAR procedures is thus required for the construction of a large enough reference database for cranio-facial reconstruction.
Comparison of the linear versus non-linear reconstructions shows a marked improvement obtained by the nonlinear procedures, conditioned on a reliable segmentation of the bone structures. This in turn requires a better reduction of the metal streak artifacts. Note also that the current reference database is very small (only 7 cases) and, hence, still possibly biased by individual facial outlooks in the database. Furthermore, since all images are used for reconstruction, including the ones with severe artifacts, results can still be improved even for the successful cases. Despite these restrictions, reconstructions on good quality target data are visually acceptable. Registration of the skull sDTs instead of the binary segmentations of the skull has some immediate advantages, especially in the non-linear case, since it uses a spatially extrapolated representation of the skull shapes. Because we apply this transformation to the skin surface (or its implicit sDT representation), a reliable extension of the estimated deformation is required. The use of the implicit representation in combination with a non-linear deformation model with a limited number of degrees of freedom (about 400) seems to result in a relatively acceptable reconstruction procedure. We acknowledge that more test cases need to be processed to examine the joint effect of the surface representation and non-linear registration procedure. A more localized non-linear registration procedure is probably required to fine tune to skeletal surface details. Linear convex combinations of sDT maps have been used in computer graphics applications for continuous morphing the shape of one structure into another. However, the set of sDTs is not closed under linear combinations, meaning that a linear combination of sDTs is not necessarily a true sDT of the embedded surface. Other implicit functions can be suggested (e.g. any monotonic function of the original Euclidean Distance or solutions to variational problems, such as Radial Basis Function representations), but the Euclidean sDT is very simple in implementation and has an intuitive interpretation. Non-linear warping of an sDT further distorts the representation of true distances to the embedded surface. However, as long as the warping remains smooth and locally small in magnitude, as is the case in the proposed method, warped sDTs can be assumed to be fair approximations to the sDT of the warped embedded surface. The relationship between surface warping and implicit function representations requires further investigation. We currently reconstruct only the arithmetic average of the linearly and non-linearly warped skin sDTs. Other combinations can be suggested. For instance, the linear weights for the warped skin sDTs could be made dependent on the similarity of the warped skull to the target skull (for instance relative amount of overlap). Initial experiments on weighted combinations of linearly warped skin sDTs showed only minor changes compared to the simple average, mainly be-cause the similarity measure used was not sensitive enough and not specific for the parts of interest (it measured the relative overlap of bone regions over the whole head). Following the work of Claes et al. [2] and Tu et al. [13] , instead of reporting just the average of all warped skin sDTs, in addition, major modes of variation could be reported as well. This requires a large enough reference data set for the statistical variations to be representative. Such a data set would also allow weighing of the combinations towards class-similar surfaces (same gender, age, and body-massindex). Finally, weighing is now implemented globally, all points on the surface (or embedding sDT) being considered equal. Local weighing schemes could improve particular features, such as the nose, eyes and lips, by only taking local correlations into account.
Conclusion
We have presented a fully automatic procedure for cranio-facial reconstruction, using a database of reference head CT scans. For this purpose, we proposed a low-dose multi-slice CT head-scan protocol with a 90% reduction in effective dose, while still retaining sufficient quality not only for cranio-facial reconstruction purposes but also for maxillo-facial surgery planning. All reference images are automatically segmented into head volumes (enclosed by the external skin surface) and bone/skull volumes, both represented by a signed Distance Transform (sDT) map. The reference skull sDTs are (non)-linearly warped to the target skull sDT and this warping is applied to all reference skin sDTs. A linear combination of the warped reference skin sDTs is proposed as the reconstruction of the external skin surface of the target subject. Preliminary results show the feasibility of this approach, although further investigations are required. First, metal streak artifacts need to be removed from the images, since they distort the reconstructions to a large extent. Second, the warping procedure needs to be examined more carefully, paying attention on the one hand to better fitting of reference to target skull and smooth extrapolation of the warping on the other hand. Third, other linear combinations besides the mere average need to be explored. Finally, a quantitative validation framework for the reconstructions needs to be set up.
